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In the last five years, fuel prices have fluctuated from 2.86$/gallon to 3.87$/gallon which 
represents an increase of 35%. This situation has collocated the ethanol manufacturing in an 
advantageous situation. However, a major problem that is faced by the ethanol producers is the 
high cost of transportation. The objective of this thesis study is to determine the optimal 
allocation of ethanol production in the U.S. that minimizes the transportation cost. This thesis is 
based on the application of a linear programing model. The thesis is focused on two questions. 
The first is the optimal allocation of ethanol between the producer states and the supplier states. 
The second is the optimal allocation of ethanol production of Nebraska. The optimal solution 
represents a total transportation cost of 10.186 million dollars in 2009.  A sensitivity analysis is 
developed with the purpose of determining two themes. The first identifies the possible 
alternative routes in the optimal allocation program and the impact of their use over the total 
cost. The second identifies how long the actual allocation program could remain the optimal 
solution. According to the analysis, if the conditions remain constant, the allocation generated in 
this project will be still optimal until the year 2014. The present study represents an opportunity 
to establish more coherent policies about the market and the development of the existing and 
future ethanol plants.  The ethanol industry needs to incorporate mechanisms that facilitate a 
decrease in the operative and transportation costs to achieve a sustainable industry and to 
minimize subsidies of the federal government. 
 
iii 
 
 
TABLE OF CONTENTS 
 
CHAPTER 1: INTRODUCTION ................................................................................................... 6 
1.1 Ethanol Industry ............................................................................................................... 6 
1.2 Objectives of the Thesis ................................................................................................... 9 
1.3 Organization of Thesis ..................................................................................................... 9 
CHAPTER 2: LITERATURE REVIEW ...................................................................................... 11 
2.1 Energy Outlook the Ethanol industry ............................................................................. 11 
2.2 Supply Chain .................................................................................................................. 15 
2.3 Ethanol Supply Chain..................................................................................................... 17 
CHAPTER 3: METHODOLOGY ................................................................................................ 20  
3.1 Problem Statement ......................................................................................................... 20 
3.2 Ethanol Production ......................................................................................................... 22 
3.3 Ethanol Consumption ..................................................................................................... 25 
3.4 Ethanol Price .................................................................................................................. 27 
3.5 Transport Overview........................................................................................................ 34 
3.6 Model ............................................................................................................................. 40 
3.7 Case Study ...................................................................................................................... 41 
3.8 Sensitivity Analysis ........................................................................................................ 49 
CHAPTER 4: CONCLUSION ..................................................................................................... 54 
iv 
 
LIST OF FIGURES 
Figure 1: Corn Average Prices ...................................................................................................... 13 
Figure 2: Bioethanol Supply Chain............................................................................................... 17 
Figure 3: Corn Utilization ............................................................................................................. 22 
Figure 4:  Ethanol Price 2009-2011 .............................................................................................. 28 
Figure 5:  Errors Plot of 𝑎𝑡 vs 𝑎𝑡 − 1 ........................................................................................... 31 
Figure 6: Green’s Functions 𝐺𝑗 .................................................................................................... 32 
Figure 7: Locations of Ethanol Consumers and Suppliers ............................................................ 35 
Figure 8: Geography Zones – Transportation Quarterly Updates ................................................ 36 
Figure 9: Railroad Network of the U.S. 2008 ............................................................................... 38 
Figure 10: Rail Tank Car AAR Type T108 .................................................................................. 39 
Figure 11: Location for plans in Nebraska ................................................................................... 45 
 
 
 
 
 
 
 
 
v 
 
LIST OF TABLES 
Table 1: Long-run Equilibrium in the US Corn and Ethanol Market ........................................... 13 
Table 2 : Ethanol Production (Renewable Fuels Association, 2010) ........................................... 23 
Table 3: Price of Corn and Cost of Ethanol by State in the U.S. in 2009 ..................................... 24 
Table 4: Demand for Ethanol in 2009........................................................................................... 26 
Table 5: Cargo Capacities. ............................................................................................................ 36 
Table 6:  Average Truck Rates for Short and Long Hauls, 4th Quarter 2009 ($/mile per 
truckload) ...................................................................................................................................... 37 
Table 7: Distances in Miles between supplier i and consumer j ................................................... 41 
Table 8: Transportation cost among States by rail (𝑐𝑖𝑗) and the supply-demand rates ................ 42 
Table 9:  Optimal Solution Related to U.S. States. ....................................................................... 43 
Table 10:  Cost Between the Supply and the Demand ($) and the Percentage Rate. ................... 44 
Table 11: Nameplate Capacity for Plants and Distances between Plants and Main Cities in 
Nebraska ....................................................................................................................................... 46 
Table 12: Transportation Costs for Nebraska. .............................................................................. 47 
Table 13: Consumption Ethanol Projection over the 2010-2019.................................................. 49 
Table 14: Sensitivity Problem ....................................................................................................... 50 
Table 15: General result second part of problem .......................................................................... 52 
 
6 
 
CHAPTER 1: INTRODUCTION 
1.1  Ethanol Industry  
Developing new energy source is crucial to the world economy. The ethanol industry 
represents one of the major efforts aimed at the development of renewable energy sources in 
the U.S. In the last four years, the ethanol production capacity has increased at least 70% 
from its original value, making ethanol highly important in the U.S. economy (Renewable 
Fuels Association, 2011). Most ethanol used in the actual market comes from blending 
gasoline with the ethanol at concentrations of 5 to 10 percent. The actual technology used in 
majority of vehicles doesn’t permit to complete substitution of ethanol for gasoline yet. 
Actually, a small but growing number of flexible fuel vehicles use E85, 85 percent ethanol 
and 15 percent gasoline, as primary fuel. The frequent use of ethanol-gasoline blends at 
different concentrations represents a good alternative in decreasing the fuel cost in the U.S.   
 The ethanol production is currently being subsidized by government policies in order to 
make ethanol-gasoline blend a competitive product compared to gasoline. One objective in 
the development of the ethanol industry is to decrease its production and distribution costs. 
Previous publications established that the transportation cost has considerable impacts on 
ethanol’s total cost. For ethanol-gasoline blend to realistically compete with gasoline as a 
viable alternative fuel, several conditions should hold: supplies should be large and readily 
available, cost should remain competitive with respect to gasoline, and transition costs (from 
corn to ethanol) should be reduced (Reynolds, 2000).  
Ethanol manufacturing has become a legitimate industry that is rapidly changing the face 
of rural America —and helping the U.S. address serious environmental problems through the 
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ecological consumption of energy. The ethanol industry represents positive changes for the 
economy of the U.S. For example, the use of ethanol consumption has reduced gas prices by 
89 cents per gallon and on average each American household saved more than $800 in 
gasoline bill in 2010. Furthermore, nearly 70,400 Americans are directly employed in the 
production of ethanol. The U.S. ethanol industry sustains 400,677 jobs across the American 
economy (Renewable Fuels Association, 2010). These facts show that the ethanol industry 
has a strategic position in the growth of the U.S. economy.  
The ethanol industry needs to overcome a lot of challenges in order to become fully 
developed. The main issue is the high cost of the corn supply chain. The New York Times in 
an editorial wrote “American corn-based ethanol is expensive. And while it can help cut oil 
imports and provide modest reductions in greenhouse gases compared to conventional 
gasoline, corn ethanol also carries considerable risks” (New York Times, 2007). Some of 
these risks could be the fluctuations in agriculture production, increase in the price of corn 
and animal food, and threat to natural wildlife habitats. 
The present thesis has the objective to establish the optimal allocation of ethanol 
production between the major supply states and demand states using a transportation model. 
This solution could be utilized to further develop new strategies for the ethanol production 
states in order for the companies to decrease transportation cost in the supply chain of corn. 
This thesis studies the production and demand of ethanol for 2009, which were assigned to 
the suppliers located in different locations with respect to their corresponding production 
plants. The most significant suppliers of ethanol in the U.S. are: Iowa, Nebraska, Minnesota 
and Illinois which represent more than 50% of the ethanol production in the U.S. with 7,639 
MGY (millions of gallon per year). Furthermore, the consumer states are California, Texas, 
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Florida, New York, Ohio, Illinois, Pennsylvania, and Michigan representing more than 70% 
of consumption of ethanol consumption of with 4,553 MGY (Renewable Fuels Association, 
2010). The comparison between both groups’ values shows that the suppliers have more 
capacity than consumers demand. This thesis emphasizes on determining the optimal 
allocation of the actual ethanol production for ethanol consumption while minimizing the 
associated transportation cost.    
The transportation system is integrated mainly for trucks, rails, and barges; and it is 
used in accordance with the needs of the ethanol system. This thesis study is focused only on 
the internal demands of the truck and rail systems in the U.S. The barges are used more for 
export, which is not taken into consideration in this thesis. The objective of this thesis is to 
determine the optimal ethanol amount to be transported between producers and customers at 
minimal cost. The thesis determines transportation cost among ports in accordance with the 
distance and the transportation method. The amount of ethanol gallons transported and 
maximum distance traveled by carriers are different for each means of transportations. Thus, 
depending on the shipment method a different effect on the formulation of the mathematical 
model should be incorporated.   
In this thesis, the mathematical model development corresponds to linear programing 
application as the supplies and demands are known. The variables and restrictions are 
deterministic and their input conditions were established previously to function in the 
mathematical model. The following sections detail technical issues and requirements in order 
to obtain a satisfactory result which could be used in decision making as well as strategic 
planning. 
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This thesis will contribute to the improvement of the supply chain efficiency for the 
ethanol industry. This thesis could be used as a basis establishing better strategies for the 
ethanol transportation system. Furthermore, using an optimal allocation of the ethanol 
production system will have a positive impact in the profitability of the actual ethanol 
industry. 
1.2  Objectives of the Thesis  
The main objective of this study is to establish the optimal allocation of ethanol 
production in the U.S. that minimizes the total transportation cost. The specific objectives for 
the study are as follows: 
• Establishing the optimal amount and routes in the distribution of ethanol production 
between supply states and demand states.  
• Determining the optimal amount to distribute between companies in one specific state 
and its supply states. 
• Performing a sensitivity analysis of the optimal ethanol allocation in the U.S.  
1.3  Organization of Thesis   
This thesis seeks to answer the research question: “What is the optimal allocation of the 
ethanol production?” The rest of this thesis is arranged into chapters for literature review 
which presents a brief background about the topic and the methodology which establishes the 
mathematical model to determine the optimal allocation of ethanol production in the U.S. In 
the case study section, the model is used to determine the optimal allocation between the 
demand states of California, Texas, Florida, New York, Ohio, Illinois, Pennsylvania, and 
Michigan and the supplying states of Iowa, Illinois, Nebraska, and Minnesota, and the study 
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of determining the optimal allocation between the plants of Nebraska and its demand states 
are presented. Finally, the conclusion chapter summarizes the study.  
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CHAPTER 2: LITERATURE REVIEW 
 
  The  objective  of  the  discussion  presented  in  this chapter  is  to  provide  the 
literature drive behind this thesis. The U.S energy system is presented through the viewpoint 
of the fuel supply chain and its transportation system. The use of alternative energy sources 
as ethanol is a part of the economic debate in the U.S. The development of bioenergy is a 
challenge that needs investments from the economy sectors and commitment from the energy 
policies of government. The present thesis intends to help the ethanol industry to make better 
decisions in the transportation system. The review in this section reports on the literature 
regarding ethanol production, focusing on the main supply chain system for the ethanol 
industry.  
2.1 Energy Outlook and the Ethanol Industry 
In the last few years the ethanol industry has reported a surge in demand in the U.S. 
The production of ethanol in 1980 was 175 million gallons in comparison with that of 2010, 
which was close to 13 billion gallons. This immense change can be traced to and justified by 
all of the components of ethanol production in the U.S. The U.S. Department of Energy  
(DOE)  is  promoting  the  development  of  ethanol  from lignocellulosic  feedstock  as  an  
alternative  to  conventional fuels. This promotion has a direct effect on the consumption of 
corn in the U.S. (The U.S. Deparment of Agriculture and the U.S. Deparment of Energy, 
2000). 
The first point to consider is corn production. Ethanol is made both by dry and wet 
milling of corn.  Dry mill plants are designed to process corn into ethanol with distiller’s 
dried grains (DDGS) and carbon dioxide as the primary co-products. Growing ethanol 
12 
 
consumption has a direct effect on the corn market (Elobeid, Tokgoz, Hayes, Badcook, & 
Hart, 2007). 
Previous research showed that the U.S. corn-based ethanol industry would continue to 
expand until the market price of corn per bushel reaches $4.05, and at that time all related 
markets are expected to be in equilibrium (Elobeid, Tokgoz, Hayes, Badcook, & Hart, 2007). 
The average revenue generated by ethanol plants for the ethanol produced from one bushel of 
corn is $5.67. Also, $0.66 per bushel is earned for the DDGS co-product. The sum of $5.67 
and $0.66 gives the revenue of $6.33 per bushel in the ethanol production. The total cost of 
producing a bushel of corn is $2.28 ($1.56 for variable costs and $0.72 for fixed cost). The 
difference between $6.33 and $2.28 is $4.05. This represents the maximum amount that a 
company could pay for corn and continue production.  If any of these conditions change, the 
price in equilibrium will change (Elobeid, Tokgoz, Hayes, Badcook, & Hart, 2007). 
According to the U.S. Department of Agriculture, the average price of corn per bushel was 
$6.44 the first six months in 2012.  The actual price of corn per bushel surpasses 156% of the 
equilibrium price. Based on the corn price the ethanol industry needs to find the equilibrium 
necessary to be profitable.  
 Feed grain prices in the U.S. trended level-to-sideways from marketing years 
between 1985/86 and 2005/06.  This price trend persisted at the same time that costs of feed 
grain production continued to increase.  To try to maintain or increase their profitability in 
this economic environment, feed grain producers relied on genetic improvements in crop 
yields and cost efficiency-increasing management practices (including increasing farm size to 
sustain production cost).  During the 20 year period beginning with the 1985/86 marketing 
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year, the U.S. corn prices averaged $2.23 per bushel, ranging from $1.50 to $3.24, with a 
very slight negative trend of -$0.00225 per bushel. 
Table 1: Long-run Equilibrium in the US Corn and Ethanol Market 
 Card Ethanol 
Baseline  
Estimated Long-
run Solution 
Percentage 
Changes % 
Corn Price ($/bushels) 2.56 4.05 58 
Corn Area (million acres) 79.4 95.6 21 
Corn Production (million bushels)  13,040 15,656 20 
Corn Use in Ethanol (million bushels) 3,251 11,103 242 
Ethanol Consumption per year (million gallons) 9,476 31,479 232 
    
Source: Elobeid et al. (2007) 
Table 1 shows the estimation of the long-run equilibrium in the U.S. corn and ethanol 
markets. These values give us an idea about the approximate price of ethanol in order to 
balance the relation between the cost and price.  
 
Figure 1: Corn Average Prices 
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Figure 1 shows that the corn price has an increment of more than 100% during the 
last five years. The increase in corn prices affected the ethanol industry, raising the 
production costs. Production level generally grew slowly until after the turn of the century. 
U.S. ethanol production began to rise more rapidly in 2003 and EU biodiesel production 
began to increase more rapidly in 2005 (Trostle, 2008). 
The second point to consider is the gasoline production. Ethanol and gasoline are 
blended by the ratios of up to 85%. This mix content is determined by federal air quality 
regulations as well as economic reasons in order to extend fuel supplies. The relative price of 
ethanol to gasoline is important because it determines the competitiveness of the two fuels in 
terms of costs. Given that ethanol has a lower heat of combustion value than gasoline—hence 
yielding lower fuel efficiency— the price of ethanol has to be not more than roughly two-
thirds of the price of gasoline to make it competitive in the market place as a blended mixture 
(Renewable Fuels Association, 2010). Only when ethanol is less expensive than gasoline, 
blenders will make a profit by adding ethanol to their fuel. Without government subsidies, 
the average ethanol price compared to gasoline price will not be commercially competitive in 
most regional markets in the U.S., so it will not provide enough incentive to the blenders so 
for adding ethanol to gasoline. 
Another important factor that affects the ethanol price is policies of the U.S 
government about ethanol industry. The U.S. government has been promoting ethanol as an 
alternative fuel with the implementation of incentives for its domestic production. The first 
step was a the U.S. energy bill that focused on alternative motor fuel.   The Clean Air Act 
Amendments (CAAA) of 1990 which fosters the use and production of ethanol through a 
mandate of at least 2% oxygen. Then the CAAA was replaced by a Renewable Fuels 
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Standard (RFS) in the Energy Policy Act (EPA) of 2005, signed into law by President Bush 
on August 8, 2005. The RFS mandate has a direct impact on renewable fuel which could be 
defined as ethanol blended into gasoline. On December 2007, President Bush  signed  into 
law  the Energy  Independence  and  Security  Act  (EISA)  of  2007, originally  named  the  
CLEAN  Energy  Act  of 2007, in accordance  with  his  "twenty-in-ten" initiative. In that 
sense, the law defines advanced biofuel as cellulosic ethanol and other biofuels derived from 
alternative feedstock such as corn stove, switch grass, and woodchips (Rusell, Ruamsook, & 
Thomochick, 2009).   The impact of these polices is reflected by a growth in ethanol 
consumption in the U.S. As a result, the government branch dealing with the ethanol 
industry, along its production chain, has offered several subsidies. 
2.2 Supply Chain  
Today, competitiveness is one of the main factors in the survival of companies. This 
implies that companies should work effectively and efficiently on activities regarding the 
production of goods or services. The companies are focused on accomplishing improvements 
in the supply chain as a part of this strategy to obtain better productivity.  
Initially, companies were focused on logistics as a mean to assure that customers got 
the correct products in the correct time and amount. However, this concept has changed more 
recently. Supply chain management has emerged as a new concept of synchronizing supply 
and demand. The aims are to shorten lead times, achieve smooth replenishment processes for 
the inventory, reduce costs, and increase customer satisfaction.  
Supply-chain design plays a critical role in determining commercial viability of the 
production line. The importance of feedstock supply highlights the need for location-specific 
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assessments of feedstock availability and price. Similarly, the role of subsidies and policy 
incentives in creating and sustaining the  ethanol  market  highlights  the  importance  of  
political  engagement  and  the  need  to  include political risks in investment appraisal. The 
cost and market parameters are causing supply chain managers to sell ethanol as a low 
percentage blend with gasoline that will maximize ethanol revenues and minimize the need 
for subsidies. 
Generally, in a supply chain distribution system, the cost is dispersed geographically 
but connected through a communication network and a transportation system.  The supply 
chain integrates decisions through management policies for the flows of both information and 
products.  Management  of  product  flow  takes into account  the   chain   from decisions  on  
transport  and  distribution  policies  and  product  category management (Cigolini & Rossi, 
2008). This thesis agenda is focused on the fact that ethanol industries should make changes 
in order to achieve an efficient supply chain with as low as possible integral cost. If the actual 
system can make changes which impact the actual cost, the ethanol system will be a 
sustainable sector in the U.S. economy. 
The supply chain focuses in general on the customer order flow for each item. 
Furthermore, customer management plans the actions of all the sources needed to be 
delivered to the customer in a simple, consolidated, coordinated manner, as a response to 
today’s complex customer environment. In the actual situation of ethanol distribution, the 
transportation cost represents a significant portion in the cost structure of ethanol production. 
Therefore, the performance of a supply chain depends on the ability of its components to act 
together and the integration of suppliers and producers with an economical approach. The 
sustainability is related to decision makers as an economic pillar. This has some requirements 
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which should be considered such as environmental, economic, and social impacts throughout 
the life cycle of the product.  
 
Figure 2: Bioethanol Supply Chain.  
Source: Huang, Chen, & Fan, 2010 
A strategy of supply chain management is to find the best configuration to support 
efficient operation, including location setup, production, storage and distribution. Figure 2 
represents a typical biofuel supply chain where the spatial dimension mainly lies in the 
geographic distributions of the feedstock resources, the fuel demands, and the production and 
transportation infrastructures. The costs of biomass feedstock, ethanol production, and 
transport are interdependent. 
2.3 Ethanol Supply Chain  
Biorefinery location is impacted directly by transportation systems. The principal cost 
in the ethanol industry is related to transportation. The 76%  of  ethanol  is  currently  
produced  in small biorefineries  located  in  the  Midwest.  In addition to the logistics 
challenges with biomass, biofuel transportation is also an issue. (Ekiisoglu & Petrolia, 2009). 
18 
 
The ethanol industry and the U.S. government are working together to decrease the 
production cost for ethanol and make its production more competitive in comparison with the 
fuel industry. The government implements strategies in the ethanol industry, and they are 
reflected as less taxes and more incentive to conduct research in new production technology, 
but these are not enough. If the U.S. government wants to have success decreasing the total 
cost of ethanol, they should work directly with the supply chain of ethanol. The cost of the 
transport system is a reason for the high cost in the ethanol industry. The questions of which 
companies should supply the demand points, and how many of these companies should ship 
through the supply chain are the question that should be addressed for achieving efficient 
chain. (Ekisoglu et al., 2009) developed a model for identification of the optimal location for 
the new ethanol plants and proposed a design for cost-effective supply chain.  
One of the challenges in the ethanol industry has always been the reduction of the 
production cost and the transportation costs. The transportation cost depends on the type of 
transport system used and the distances between supplier and consumer. For example,  when 
the biofuel is provided by local suppliers, the main  type  of  the transport  is  the  roadways 
which can offer considerable flexibility  if  relatively  short distances need to be traveled. The 
railway system   is   another   transportation mode for biofuels, but it imposes a centralized 
transfer system which is less efficient than roadway. However, railways provide the 
possibility to transport large amount of biofuels for long distances with low cost. 
A previous research established that causes of the problems of the ethanol supply 
chain is related to three factors:  (i) variability of weather, which can reduce the yield and the 
biomass quality, (ii) lack of resources, which could  be the   case  where  a   biorefinery  
cannot  get enough  biomass  in  order  to  fill  the  orders  of biofuels, and (iii) suppliers 
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lacking real-time knowledge on  the   status of the processes. These factors call for 
coordinating and integrating activities and processes among different parties within the entire 
supply chain. The integration of multiple functions in a global supply chain context is 
complex (Sambra, Sorence, & Kristense, 2008) 
Another research investigates the ethanol supply chain in order to provide insight into 
the optimal configuration of multiple plant systems. This model is formulated as a mixed-
integer linear programming model in GAMS and it is solved to determine the optimal cost of 
supply chain configurations. The conceptual model needs to be expanded with a discussion 
of dynamic factors applicable to the operational, planning and strategic timeframes (Dunnett, 
Adjiman, & Shah, 2008).  
Based on aforementioned research, the present thesis develops a mathematical model 
using the general idea of combined concepts of linear programming and supply chain 
optimization. The model studies different location ranges between suppliers and consumers 
which are 25 Km, 50 Km and 100 Km. Also, this thesis takes distances among states and 
then among plants into consideration. This thesis is divided into two parts: one to determine 
the demand between states and the second one, between plants and the states. The next 
section develops all elements that are related to the model such as, overview of the variables, 
variable description, and the model itself.   
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CHAPTER 3: METHODOLOGY 
This section describes in detail the variables that are part of the model formulation for 
this thesis study. These variables represent parts of the supply and demand system of ethanol 
in the U.S. The objective is to build a model that determines the optimal allocation between 
demand and supply with the minimum transportation cost which could increase the ethanol 
supply chain benefits. 
3.1 Problem Statement 
In this thesis study, a transportation problem in the biofuel industry to find the optimal 
transportation routes of ethanol was considered. The thesis used the Linear Programming 
modeling method. To formulate a correct model, it is important to understand the 
fundamental structure of how the transportation system for the ethanol is carried out by 
trucks and rail and what cost structure is used in each case. The ethanol is sensitive to 
contamination which makes shipping complicated.  
A factor to consider is the terminal receipt capacities that include the storage capacity. 
The ethanol industry may have a preference about the medium used in the shipping according 
to four main aspects: manpower, storage capability, distance and volume demand. The 
present thesis takes the volume demand and the distance as decisive factors in the transport 
method. However, it is important to remember that ethanol plants have different shipping 
capabilities which vary in function of the plant sizes.  For small plants with a production 
capacity of 10 MGY, the predominant shipping method is the truck. For example an annual 
production capacity of 5 MGY equates to 14,705 gallons of daily production. It would take 
two days of production to fill a rail tank car and about a month’s production to fill a barge. 
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Given these operational considerations the rail and the barge shipping are not viable mode of 
transport for small plants.  The present thesis considers the Nebraska ethanol plants whose 
nameplate capacities are more than 50 MGY. In this sense, the plants are viable to use trucks 
or rail without this capacity restriction as mode of transport.       
In general the ethanol is shipped by truck for short distances and by rail for long 
distances. This thesis proposes three objectives. The first objective is to establish the optimal 
amounts and routes in the distribution of ethanol production between supply states and 
demand states. This part of the study was established for the ethanol distribution in the U.S.   
The average distance in miles is calculated among the central points of the states. These 
distances are considered long for truck shipments, so rail is considered as the only 
transportation system used in this part of the solution. Two types of cost are considered. One 
is the transportation cost for transit and the other one is the cost of corn (raw material) for 
each producing state.  
The second objective is to determine the optimal amount to distribute between companies 
in one specific state and their supply states. The study takes one state and localizes its ethanol 
plants in its geographical location. The distances between plants and distribution points are 
used in estimation of shipping cost by trucks and rail. The trucks are used for in-state 
transportation of ethanol. 
The third objective is performing a sensitivity analysis of the optimal ethanol allocation 
in the U.S. This part determines the period of time the actual solution remains optimal.  
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3.2 Ethanol Production   
Biofuel represents an opportunity for governments around the world to develop an 
alternative source of energy. Various cereal grains such as corn, sorghum, wheat, and rye are 
used to produce grain alcohol or ethanol. Corn kernels are one of the most common kinds of 
grains used in distiller plants.  The quality requirement in grain kernels is given initially for 
measures such as color and smell.  Golden Yellow Distiller's Dried Grains with Soluble 
(DDGS) is associated with higher digestibility and palatability. The majority of corn grown 
in the U.S. is "dent" corn, so-called because the kernel typically forms a dent on the cap or 
crown at maturity (Kwiatkowski & Jason, 2006). Dent corn is used in different products such 
as livestock feed, corn syrup, sweeteners, ethanol, and industrial products. Other major 
classifications of corn include: sweet corn, which is grown almost exclusively for human 
consumption, and value-enhanced corn, which is grown to provide specific traits or 
characteristics such as higher oil, starch, or nutrition content. Although used primarily to feed 
livestock, corn is a versatile grain with a wealth of uses.  
 
Figure 3: Corn Utilization 
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Source: The U.S. Department of Agriculture and the U.S. Department of Energy, 2010 
Figure 3 shows the proportion in percentage of corn use in the U.S. in 2010. The graph 
shows that the ethanol industry is the second largest group of corn consumer in the U.S. The 
present thesis study bases its mathematical calculation on the demand for ethanol and the 
plants in operation for the year 2009. In 2009, ethanol biorefineries converted 3.8 billion 
bushels of corn into an estimated 10.6 billion gallons of ethanol and 30.5 million metric tons 
of high-value livestock feed, distiller’s grains and corn gluten feed and meal. In the 
2008/2009 USDA marketing year, ethanol represented 30% of gross corn use (Renewable 
Fuels Association, 2011). In 2009, the U.S. had the nameplate capacity to produce 14.1 
billion gallons of ethanol, operating refineries producing 13.5 billion gallons of ethanol per 
year, and had construction or expansion plans for an additional 0.5 billion gallons which 
represented a total of 204 refineries. 
Table 2 : Ethanol Production 
States Ethanol Production  
(millions of gallons) 
Iowa 3,166.00 
Nebraska 2,012.00 
Minnesota 1,135.00 
Illinois 1,326.00 
Total  7,639.00 
  
 Source: Renewable Fuels Association, 2010 
The distribution of ethanol production in the U.S. is shown in Table 2. The present 
thesis studies the four leading states in the production of ethanol in the U.S. as alternative 
suppliers.  These states represent more than 70% of capacity in ethanol production. These 
states are Iowa, Nebraska, Minnesota, and Illinois. The present project takes that data as 
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nameplate capacity for each state. In other words, it is the maximum ethanol capacity for 
each location. The other 30% of capacity in ethanol production is distributed in 25 states 
which represents a small amount of production that could be used only in the internal 
consumption of those states. For this reason, this thesis study only uses the production 
capacity shown in Table 2. 
Corn represents the most important grain produced in the U.S. with more than 90% of 
the total value of grain production. Around 80 million acres are planted across the U.S. and 
35% of production is used for ethanol. In the last few years the increase in the ethanol 
demand has had an effect in the price of corn. The corn price has increased from under $2 per 
bushel in 2005 to $3.90 per bushel in 2010 which is 51% of its original price (Leibtag, 2009). 
The price of corn varies between states, and this variation is considered as part of the total 
cost of the suppliers. 
Table 3: Price of Corn and Cost of Ethanol by State in the U.S. in 2009 
States  Corn 
Price ($/bushel) 
Ethanol 
Cost ($/gallon) 
Iowa 3.75 1.35 
Illinois 3.65 1.32 
Nebraska 3.70 1.34 
Minnesota 3.70 1.34 
Indiana  3.75 1.35 
South Dakota  3.40 1.23 
Kansas 3.60 1.30 
Ohio 3.70 1.34 
   
Source:  Department of Agriculture, Agricultural Statistics, Table 1-40; 2010 
 Table 3 shows the different prices of corn per bushel and their conversion in dollars 
by gallon for each ethanol supplying state. This research uses a corn-to-ethanol conversion 
25 
 
rate of 2.7 gallons per bushel to calculate the production cost of a gallon of ethanol based on 
corn consumption. These prices are shown in Table 3, and they are part of the total cost used 
in model as an element of decision making for each state.   
The ethanol industry faces several problems which affect its growth. One of them is 
related to energy inputs in ethanol production. To produce an average corn yield (140 
bushels/acre) requires the expenditure of about 7.5 million kcal energy inputs, which is 
equivalents of 854 liters of oil per hectare of corn. The total energy input to produce 1 liter of 
ethanol is 7,333 kcal, and the energy value in 1 liter of ethanol is only 5,130 kcal which 
means a loss of 43% or 2,203 kcal in energy (Pimentel, Patzek, & Cecil, 2007). However, 
The U.S Department of Agriculture establishes that the net energy balance of corn ethanol is 
the ratio of 2.3 BTU of ethanol for 1 BTU of energy input. This ratio is somewhat higher for 
some firms that are partially substituting biomass energy in processing energy (The U.S. 
Department of Agriculture , 2010).  Another problem is related to water consumption in the 
ethanol production. A total of 12 liters of wastewater is removed per 1 liter of ethanol 
produced which represents a negative impact in environmental and economic levels 
(Pimentel, Patzek, & Cecil, 2007). The costs generated by the input of energy and the 
wastewater are absorbed by production cost which is not considered in part of this study.   
3.3  Ethanol Consumption  
Ethanol is considered by some as an essential part of the incentive to decrease the use of 
fossil fuels in vehicles. Ethanol is mostly used as a fuel additive. Ethanol-blended fuel E-10 
is a mixture of approximately 10% ethanol and 90% gasoline by volume. E-85 fuel, a 
mixture of approximately 85% ethanol and 15% gasoline by volume, is also gaining 
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popularity for use in flexible-fuel vehicles. These mixtures allow a vehicle to operate with 
less emission than it would with pure gasoline.  
Table 4: Demand for Ethanol in 2009 
States  Thousands of Gallons   
Commercial  Industrial  Transportation  Total  % 
California           720.00     9,920.00         933,680.00     944,320.00  18.84% 
Texas           840.00   10,160.00         760,120.00     771,120.00  15.39% 
Florida        2,280.00   11,240.00         668,200.00     681,720.00  13.60% 
New York           760.00     5,800.00         474,360.00     480,920.00  9.60% 
Ohio        1,240.00     5,720.00         449,680.00     456,640.00  9.11% 
Illinois        3,400.00     5,720.00         439,680.00     448,800.00  8.95% 
Pennsylvania           320.00     2,960.00         425,760.00     429,040.00  8.56% 
Michigan           480.00     5,360.00         402,360.00     408,200.00  8.14% 
Iowa        4,080.00     2,680.00           85,080.00       91,840.00  1.83% 
Nebraska           240.00     1,320.00           52,240.00       53,800.00  1.07% 
Minnesota        2,640.00     4,000.00         238,960.00     245,600.00  4.90% 
Total      17,000.00   64,880.00       4,930,120.00  5,012,000.00  100.00% 
 
Source: Independent Statistic and Analysis U.S Energy Information Administration. 
Table 4 shows the demand of ethanol in millions of gallons that are distributed through 
different states to be blended and used for customers. Also, the table shows the amounts that 
are used for different purposes such as commercial, industrial, and transportation. This thesis 
studies the total demand without considering differences between the uses.   
The ethanol consumption had increased around 30% between 2004 and 2009. The growth 
in the consumption could be explained in part by recent federal and state policies which 
mandate a proportion of renewable fuel such as ethanol to be blended into the nation’s motor 
fuel supply. This situates the ethanol industry in advantageous ground over other biofuels 
industries.    
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3.4 Ethanol Price  
The behavior of the ethanol price suggests which elements have priority in the 
development of the decision model. Different techniques could be used to understand the 
performance of the market price of ethanol, and one of them is forecasting.  The forecasting 
has been used in many situations such as planning inventory, projecting the future demand, 
determining the capacity of new production plants, finding out the requirements of personnel, 
and establishing the consumption of energy. However, forecasting is also used in many 
situations as a means by which one can determine and analyze the factors affecting a specific 
parameter.  
The literature divides the qualitative forecasting methods into two groups: 
explanatory and time series forecasting. A characteristic of time series model is the use of the 
information on the variable to be forecasted. The time series method is an ordered set of data 
of a certain variable, which in this case is the ethanol price. The main objective of the time 
series method is to establish how the future behavior of variables is related to their past 
values (Koustis, Hadjipaschalis, & Poulliskkas, 2011). The time series method is based on 
finding the mathematical model for a dynamic system such as the ethanol price. In the case 
of a time series model, the variable is treated as the response of a stochastic system to 
uncorrelated or independent input. A forecasting technique is used to analyze the trend of 
ethanol prices. The trend of ethanol price is central to the understanding of demand and 
supply behavior. The fluctuation in price has a direct effect on the increasing use of ethanol 
as alternative fuel energy. The price of ethanol is an important variable which should be the 
baseline for the model used in this thesis.  
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Figure 4:  Ethanol Price 2009-2011 
Figure 4 shows the price of a gallon of ethanol (E95). This price was taken from a 
weekly report published by the U.S. Department of Agriculture beginning in 6/5/2009 until 
2/18/2011. The variation of price in the last two years is approximately a 40% increase. Thus, 
the graph doesn’t seem to have a strict trend such as a straight line or sine wide. Before 
performing the forecasting methodology, the linear trend-line was calculated and the result 
was 𝑝 = 1.4971 + 0.00824𝑡 where 𝑝 represents the ethanol price for the time 𝑡 in weeks. 
The value of R squared, 𝑅2=0.525, shows the linear trend is not statistically significant. A 
forecasting method is applied to determine the mathematical model for the ethanol price.  
3.4.1 Ethanol Forecasting Price Model 
This section introduced the time series forecasting and its application in the analysis 
of ethanol price. In order to do that, the Autoregressive Moving Average (ARMA) models 
which express the dependence of the present observation on the past one was used. The 
ARMA models express the dependence between 𝑋𝑡 and 𝑋𝑡−1 in the pair (𝑋𝑡,𝑋𝑡−1). The 
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ARMA models are considered a conditional regression model which implies the past 
observations are known and therefore fixed through a simple procedure. This procedure 
consists of modeling successively complex dependence by 𝐴𝑅𝑀𝐴(𝑛,𝑛 − 1) models for 
increasing orders of 𝑛 (Pandit & Wu, 1983). This methodology is called in some research 
Data Dependent System (DDS) which provides the differential/ difference equation model 
directly from the data by fitting 𝐴𝑅𝑀𝐴(𝑛,𝑛 − 1) models until the sum squares of random 
disturbance cannot be significantly reduced (Williams & Rajurkar, 1991). The DDS has been 
applied in many different fields in the engineering area such as operations research, quality 
control, human factors, and recently, forecasting. Through a systematic quantitative analysis 
this methodology provides the difference/differential equations governing the system 
underlying the data directly without requiring any guesses (Tarawneh, Williams, & Bishu, 
2002).      
This thesis study bases the time series forecasting on the application of 
Autoregressive Moving Average (ARMA) difference equations. The general model is given 
by an 𝐴𝑅𝑀𝐴(𝑛,𝑚) model as: 
  𝑋𝑡 =  Φ1𝑋𝑡−1 + Φ2𝑋𝑡−2 + ⋯+ Φ𝑛𝑋𝑡−𝑛 + 𝑎𝑡 − Θ1𝑎𝑡−1 − ⋯− Θ𝑚𝑎𝑡−𝑚 
where 𝑋𝑡,𝑋𝑡−1, …. are the data values (response) at time 𝑡, 𝑡 − 1, … ., and 𝑎𝑡 represents 
the random disturbances of mean zero and variance 𝜎𝑎2. 
The form of the model removes the dependence of 𝑎𝑡 on 
𝑋𝑡−1,𝑋𝑡−2, … ,𝑋𝑡−𝑛,𝑎𝑡−1,𝑎𝑡−2, … ,𝑎𝑡−𝑚 by the autoregressive part of order 𝑛 and moving 
average part of order 𝑚, respectively. 
30 
 
The model was developed with the use of Matlab software.  This methodology is 
based on a Data Dependent System, and it makes use of efficient algorithms of Least Squares 
methodology to get the statistical and adequate model with minimum error. In this case 
ARMA (2,1) and ARMA (4,3) models  were performed, and then a comparison of both gave 
the result that ARMA (2,1) model was statistically adequate. The model is 
𝑥𝑡 −  Φ1𝑥𝑡 − Φ2𝑥𝑡−2 =  𝑎𝑡 −  𝜃1𝑎𝑡−1  
 where   Φ1 = 1.8314,Φ2 =  −0.84073,𝜃1 = 0.78096 
Since the following relationships hold, 
Φ1 + Φ2 < 1,Φ2 − Φ1 < 1, |Φ2| < 1 and  |𝜃1| < 1 
one can conclude that this model is stable and irreversible which is a necessary condition to 
make appropriate conclusions about the model. 
For the ARMA (2, 1) model, it is important to check if the errors are independent 
because one assumption in DDS methodology is that the errors are independent. To verify 
independence in the errors, it is necessary to plot 𝑎𝑡 vs  𝑎𝑡−1.  
Figure 5 shows the plot 𝑎𝑡 𝑣𝑠 𝑎𝑡−1. It shows that there is no visible evidence against 
the assumption of independence. The data points are scattered without evident trend, and this 
means that the error is random and doesn’t have a specified pattern. The points in the graph 
do not indicate dependence which means that the error has random behavior.  
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Figure 5:  Errors Plot of 𝑎𝑡 vs 𝑎𝑡−1 
  The DDS model reduces the correlated data to an uncorrelated or white noise 
process. The function that does the reduction is called the Green’s Function. This function is 
the impulse response function of the ARMA model. The Green’s Function, in the form of 
linear combination of exponentials and damped sinusoidal, can be related to physical 
phenomenon of the behavior of the price of ethanol, and its model is given below. 
𝐺𝑗 =  𝑔1𝜆1𝑗 + 𝑔2𝜆2𝑗 + ⋯+ 𝑔𝑛𝜆𝑛𝑗  
The project used the explicit method of Green’s Function in calculus, and it is 
represented as 
𝐺𝑗 =  𝑔1𝜆1𝑗 +  𝑔2𝜆2𝑗   
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 that is,          𝜆1 +  𝜆1 = Φ1 and  𝜆1𝜆2 = −Φ2 
or     𝜆1𝜆2 = 12 �𝛷1 ± �𝛷12 − 4𝛷2� 
where the result is:  
𝐺𝑗 =  1.6930 ∗ 0.9764𝑗 −  0.6930 ∗ 0.86099𝑗   
The 𝜆1and 𝜆2 are the characteristic roots of the second order linear difference 
equation and for this model they are real roots. A system is stable when Green’s Function is 
asymptotically unbiased in an exponential way.   
One of the characteristic roots, 𝜆1 = 0.9764, is very close to unity and thus exhibits a 
nearly random price component. It should be noted that the DDS estimates the value of root 
𝜆1 correctly instead of using a differencing operation before modeling. This strategy not only 
provides a precise representation of the data but also makes it possible to evaluate the 
contribution of the ethanol price as a component in the development of the ethanol industry. 
 
Figure 6: Green’s Functions 𝐺𝑗  
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The Green’s Function as system dynamics can be interpreted in two ways. The first is 
indicator of how well the shocks 𝑎𝑡−𝑗 are remembered by the system 𝑗 time units back 
for 𝑗 = 0,1,2, … , 𝑡. The second is how quickly the system will return to its equilibrium. The 
plot of the impulse response or 𝐺𝑗 for the ARMA (2, 1) model of the ethanol price is shown 
in Figure 6. Note that the figure shows the value 𝐺0 = 0 and trend of 𝐺𝑗 → 0 when 𝑗 → ∞. 
The figure shows the ethanol price rate impulse response which has a slow decay, and it 
exhibits a strong memory behavior. The function of the line appears to be asymptotically 
stable.  By definition whether the function curve approaches a finite value, it is called stable, 
and if this value is trending to zero we could conclude that the curve is asymptotically stable. 
Equation 𝐺𝑗 =  1.6930 ∗ 0.9764𝑗 −  0.6930 ∗ 0.86099𝑗  reveals that the ethanol 
price rate consists of two parts. The first part, contributed by the root   𝜆1 = 0.9764, 
effectively denotes slow decay, high inertia, or strong memory. The second part, which 
comes from the root 𝜆2 = 0.86099, expresses a dependent or correlated noise component. 
The root   𝜆2 (the correlated noise component) dominates the short-term response behavior of 
the ethanol price before the correlation time of 80 weeks, whereas the root   𝜆1, (the random 
walk component) determines the long-term response behavior. 
By using Data Dependent Systems (DDS), the result arrived at the suitable model to 
be fitted. The results indicate that in the near future, by implementing the model arrived at in 
this thesis, there will not be any increase in the level of significance in ethanol price. A 
reason of the inertia is the effect of the government policies has over the ethanol price such 
as fewer taxes, more financial opportunities, and regulations which stimulates the ethanol 
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consumption. These policies minimize the possible fluctuation caused by increments of corn 
price or decrease of corn supply capacity.  
It was apparent from Green’s function that the system has a strong inertia. In virtue of 
these results, this project doesn’t consider the ethanol price as part of the transportation 
model. The study considers the cost as a decision parameter.  The objective of this project is 
to establish the optimal allocation that minimizes the total transportation cost of the ethanol 
production in the U.S. In this case the forecasting shows the behavior of ethanol price as 
inert. This means that income could be considered stable. This result makes sense if it is 
considered that ethanol is a product controlled and subsidized by the government. In 
conclusion, the ethanol price is a component that is affected directly by policies of the 
government more than fluctuation in the market, and this section supports the idea to develop 
a model which minimizes the cost of transportation systems rather than maximizes the 
income of the ethanol.  
3.5  Transport Overview 
The distribution of ethanol primarily consists of movements from ethanol plants to 
bulk terminals via transport truck, rail car, or barge. Once stored in a terminal, ethanol is 
blended with gasoline. In some market areas, sub-octane or premium octane gasoline is 
blended with ethanol to achieve higher octane level products (Reynolds, 2000). The ability to 
economically and efficiently ship ethanol long distances is expected to be the key element in 
the successful implementation of the renewable fuels, which is one of the objectives of this 
project. The objective is to find the optimal way to transport ethanol from producers to 
consumers.    
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Figure 7: Locations of Ethanol Consumers and Suppliers 
Figure 7 shows the different locations for consumers and suppliers of ethanol which 
are studied in the project. Ethanol is mainly produced in the Midwest, with the heaviest 
demand concentrated along the east and west coasts. Proper transport infrastructure is crucial 
to deliver ethanol to these markets outside the Midwest. A significant portion of this 
transportation is by rail. However, railcars and trucks are not the only infrastructures needed 
for rail transportation. Ethanol transforming terminals at both the destination markets and 
points of origin are essential to provide quick, efficient, and economic rail transportation. The 
transforming terminals store and blend the ethanol sometimes before shipping to the gas 
station.  As ethanol shipments continue to increase, large terminals capable of handling trains 
are expected to be a necessary component to effectively serve key markets and develop 
efficient transportation plans.  
Transportation is the third largest expense in ethanol production. Balancing 
transportation operating expenses with fixed infrastructure costs is critical to sustained 
profitability for each ethanol plant.  
36 
 
Truck logistics in ethanol plants helps in the movements in and out of the plants of 
raw material and the final product. These movements need an efficient transportation system. 
The grain transport is dominated by the need to accomplish efficient movement in large 
amounts of corn and soybean products. The truck dimensions generally accepted are 53-feet 
long by 102-inches wide. Semi-trailers with about these dimensions are considered more 
efficient than trucks with dimensions of 45-feet long by 96-inches wide.  
Table 5: Cargo Capacities. 
Capacity (units) Railcar Barge Truck 
Grain (bushels) 3,500 52,500 910 
Ethanol (gallons) 29,400 630,000 8,000 
DDGS (tons) 100 1,500 25 
    
 Source: Agricultural Marketing Services, 2010  
Table 5 shows the comparison in capacity among various cargo types. It shows that a 
barge has more capacity in the transportation of ethanol. The values were calculated based on 
a maximum capacity of 8000 lb. gross vehicle and a truck is assumed to carry 55,000 lbs. or 
25 metric tons of grain as average.  
 
Figure 8: Geography Zones – Transportation Quarterly Updates 
Source: Agricultural Marketing Services, 2010 
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Figure 8 shows the five zones that are considered in this thesis. Thus, the cost varies 
according to the geography zone and the ranges of distance by trip such as 25, 100, and 200 
miles. These ranges are officially used by Transportation Services Division of the U.S. 
Department of Agriculture and published in the Transportation Quarterly Updates. These 
costs will be used in this project to calculate the transportation costs for the cases that request 
internal transportation. 
Table 6:  Average Truck Rates for Short and Long Hauls, 4th Quarter 2009 ($/mile per 
truckload) 
Region  25 miles  100 miles 200 miles 
North Central $3.73 $2.23 $2.12 
Rocky Mountains  $3.66 $2.32 $2.25 
South Central  $3.49 $2.74 $2.74 
West $3.66 $2.32 $2.25 
East $4.10 $3.90 $3.75 
 
Source:  Agricultural Marketing Services, 2010  
Table 6 shows the average transport cost for each zone in the U.S. which are shown in 
Figure 8. The costs vary depending on the distances of truck runs and the zone. In this sense, 
if the truck runs a longer distance, the rate of dollar by mile decreases because the fixed costs 
are divided by more miles run. The differences in the cost between zones are related to the 
fuel prices in each zone.  
The main markets of ethanol are located in areas such as the east coast, California, 
and Texas. However, the ethanol production is concentrated in the Midwest where a high 
portion of corn in the U.S. is produced. The ethanol must be transported long distances in its 
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final distribution. It makes railroads an important transportation method over long distances 
for ethanol.  
The growing ethanol demand has been reflected in railroads too. In 2009, railroads 
hauled more than 280,000 carloads of ethanol in comparison with 40,000 in 2000. 
Construction of unit train infrastructure at destination terminals—mostly owned by blenders, 
refiners, and third-party providers—may become a key to the efficiency of rail ethanol 
transportation. Factors that may be contributing to a slower rate of the infrastructure 
development include its capital-intensive nature as well as the lengthy permit process.  
The major North American freight railroads are: BNSF Railway (BNSF), Canadian 
National Railway (CN), Canadian Pacific (CP), CSX Transportation (CSX), Ferrocarril 
Mexicano (Ferromex), Kansas City Southern de Mexico (KCSM), and Union Pacific 
Railroad (UP). The capacity of railroads in the U.S. depends on some factors such as 
locomotive power and railcar availability which are related to train speed, dwell time, 
loading and unloading times and truck capacity.  
 
Figure 9: Railroad Network of the U.S. 2008 
Source: Association American of Railroad 
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Figure 9 shows class I railroads in the U.S. accounting for 67% of U.S. freight rail 
mileage and 89% of employees. America’s Class I freight railroads operate in 44 states 
across the country and concentrate largely on long-haul intercity traffic. There are seven 
Class I railroads: BNSF Railway, Canadian National, Canadian Pacific, CSX Transportation, 
Kansas City Southern, Norfolk Southern, and Union Pacific. They cover a total of 93,921 
miles into the U.S.f 
 
Figure 10: Rail Tank Car AAR Type T108 
Source: The U.S. Department Of Agriculture, 2010 
Figure 10 shows the tank cars which are 0.5 inch thick carbon steel constructions. 
Their service life is expected to be 30-40 years, and the tank cars transport an average of 
30,000 gallon. The cars are owned by general shippers or leasing companies. In other words, 
the railroads are not the owners of the cars.  The rail infrastructure has the capacity to handle 
increased ethanol shipments. The railroads transport an average of 30,000 gallon tank cars. 
Even as ethanol production and shipments continue to increase, ethanol will barely constitute 
1% of total rail volume, and railroads will have plenty of capacity to handle that.   
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3.6 Model 
The mathematical model is presented in this section. The following notations are used 
in the thesis. A haulage task is defined by its origin 𝑖 (producer) and its destination 
𝑗 (consumer). We assume that there are m supplier points and n demand points.  The thesis 
study will use the set 𝐼 = {1,2, …𝑚} to define supply points and the set  𝐽 = {1,2, …𝑛} to 
define demand points. Each haulage task between an origin 𝑖 and a destiny 𝑗 is defined as a 
pair [𝑖, 𝑗] where 𝑖 ∈ 𝐼 and 𝑗 ∈ 𝐽.  
In the first part of the solution, the ethanol haulage is defined according to a cost 
formula that has the form 𝑐𝑖𝑗 =  𝛼𝑖 + 𝛽𝑑𝑖𝑗. Here 𝑐𝑖𝑗 is the direct haulage cost of gallon of 
ethanol from point  𝑖 and 𝑗, 𝑑𝑖𝑗 is distance between supply point 𝑖 and demand point 𝑗,  𝛽 is 
the conversion factor in function of transportation type, and  parameter αi is the cost of corn 
in the production of a gallon of ethanol.  
This project divides the solution into two parts. The first part is to determine the 
optimal amount of ethanol which should be sent from producing states to consuming states. 
The second part is to determine the optimal amount of ethanol that should be produced in 
each ethanol plant in a producing state. Both transportation problems can be formulated as a 
Linear Programming problem and can be solved efficiently by any LP package. In this case, 
we used the TORA software.  The problem can be formulated as follows: 
Objective Function 
𝑚𝑖𝑛��𝑐𝑖𝑗 𝑦𝑖𝑗
𝑗∈𝐽𝑖∈𝐼
 
Subject to  
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�𝑦𝑖𝑗 = 𝑆𝑖 ,∀𝑖 ∈ 𝐼
𝑗∈𝐽
 
�𝑦𝑖𝑗 = 𝐷𝑗 ,∀𝑗 ∈ 𝐽
𝑖∈𝐼
 
𝑦𝑖𝑗 ≥ 0,∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽 
 
In this model, the variable  𝑦𝑖𝑗  is the number of gallons transported from the supply point 
𝑖 to demand point 𝑗. The volume at supply point 𝑖 is denoted by  𝑆𝑖, and the demand volume 
at point 𝑗 is denoted by 𝐷𝑗 . The objective is to minimize the total transportation cost. The 
present model doesn’t consider the transfer cost between the rail and the blender companies 
or terminal station as part of the total cost, because in some cases this cost is absorbed by 
blender companies and becomes part of the gasoline price.   
3.7  Case Study 
The present study takes the main ethanol suppliers and also the main ethanol 
consumers, and determines the number of gallons that should be distributed with the 
objective to minimize the total distribution cost.  
Table 7: Distances in Miles between Supplier 𝑖 and Consumer 𝑗 
 
Consumers j 
Suppliers i IL CA TX FL NY OH PA MI 
IA 352 1780 980 1440 1138 670 920 680 
IL   2135 1050 1130 899 395 695 475 
NE 660 1400 815 1620 1490 1020 1270 1030 
MN 620 1935 1265 1690 1325 860 1110 650 
 
Table 7 shows the average distances between point 𝑖 (suppliers) and point 𝑗 
(consumers). The model assumes that the transportation cost is zero in the cases when 
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ethanol is supplied for instate use. The average distance in miles is calculated using the 
central points between states. The price of corn information given in Table 3 is used for 
calculating 𝑐𝑖𝑗 values. 
The cost rate for railcars 𝛽 is calculated by 
𝛽 = 𝑅𝑎𝑖𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑎𝑖𝑙 𝑡𝑟𝑖𝑝 𝑖𝑛 𝑚𝑖𝑙𝑒𝑠  
The average rail trip is 1550 miles, and the rail transportation cost is 30 $/ton. These 
values were calculated through the average of speed rates from all railcars according to the 
2010 Report of Association of American Railroad. The report establishes some assumptions: 
the car doesn’t have idle space, the capacity car is standard of 29,400 gallons by tank car, and 
the rail doesn’t present delays and failures. The density of ethanol is 0.7893 Kg/lt. From 
these the value of 𝛽 is calculated as 
𝛽 =  30 $𝑇𝑁1550 𝑚𝑖𝑙𝑒𝑠 × 1 𝑇𝑁1000 𝑘𝑔 × 0.7893 𝑘𝑔1 𝑙𝑡𝑠 × 3.785 𝑙𝑡𝑠1 𝑔𝑎𝑙𝑙𝑜𝑛 = 5.67 × 10−5 $𝑔𝑎𝑙𝑙𝑜𝑛 × 𝑚𝑖𝑙𝑒𝑠 
this value is used in the calculation of transportation cost between supply and demand states 
when these movements are done by train at millions of gallon per year.  
Table 8: Transportation Cost among States by Rail (𝑐𝑖𝑗) and the Supply-Demand Rates 
 
Consumers j 
Suppliers i IA NE MN IL CA TX FL NY OH PA MI 
IA 1.35 M M 1.55 2.36 1.91 2.17 2.00 1.73 1.88 1.74 
NE M 1.34 M 1.71 2.13 1.80 2.25 2.18 1.91 2.06 1.92 
MN M M 1.34 1.69 2.43 2.05 2.29 2.09 1.82 1.97 1.70 
IL M M M 1.32 2.53 1.91 1.96 1.83 1.54 1.71 1.59 
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Table 8 shows the transportation costs between each state. The M indicated in some 
cells means that the transport cost between these states is very large. It is mathematical 
artifice which guarantees that these routes will not be used in the optimal solution. Tables 2 
and 4 include the production capacity of each producing state and the demand requirements 
for states in millions of gallons per year 
The transportation model has a requirement that the amount of demand and supply 
must be equal. If the system doesn’t meet that balance, the model uses an artifice adding a 
row or column in function of necessity. For this case, the total supply is larger than the total 
demand. Hence, a row called “fictional demand” was added. All the gallons put in cells 
belonging to the “fictional” row are idle capacity for each state. In the real application this 
extra supply is used to meet the demand of all the other states in the U.S. These dummy 
stations were annexed automatically for the software which was used to solve the model.   
Table 9:  Optimal Solution Quantities (MGY). 
 
Consumers j 
  Suppliers i IA NE MN IL CA TX FL NY OH PA MI Fictional Total  
IA 85             474 230 425   1952 3166 
NE   52     933 760           267 2012 
MN     238               402 495 1135 
IL       439   668 668   219       1326 
Total  85 52 238 439 933 760 668 474 449 425 402 2714 7639 
 
Table 9 shows the optimal transportation cost result between each supply and demand 
states. The optimal total cost by year is 10,186.00 millions of dollars.  This cost represents 
the minimum total transportation cost between the supply and demand states.  
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Table 10:  Cost Between the Supply and the Demand ($) and the Percentage Rate. 
 
Consumers j 
  Suppliers i IA NE MN IL CA TX FL NY OH PA MI Total cost  % rate 
IA 114 0 0 0 0 0 0 948 398 797 0 2257 22% 
NE 0 70 0 0 1987 1368 0 0 0 0 0 3424 34% 
MN 0 0 318 0 0 0 0 0 0 0 683 1002 10% 
IL 0 0 0 579 0 1276 1309 0 337 0 0 3501 34% 
Total cost  114 70 318 579 1987 2644 1309 948 735 797 683 10186.98   
% rate costs 1% 1% 3% 6% 20% 26% 13% 9% 7% 8% 7%     
 
Table 10 shows that the states Texas, California and Florida represent the highest 
proportion of the transportation cost with 26%, 20%, and 13% respectively. These results are 
related to the fact that these states have the biggest demand. The row related to supply shows 
that the states Nebraska and Illinois represent the highest proportion of the transportation 
cost.   
The second part of the study focuses on a single state, and determines in detail the 
amount of ethanol that should be supplied from each company in the state. In this case, the 
project is focused on Nebraska and its optimal distribution of ethanol is determined. 
Actually, Nebraska has a nameplate ethanol capacity of 2,012 MGY in the optimal solution. 
This capacity is distributed as 52 MGY inside Nebraska, 933 MGY to California, 760 MGY 
to Texas, and 267 MGY to other demand states that are not considered in the study. Nebraska 
is ranked the second largest in the national ethanol production—and is the largest ethanol 
producer west of the Missouri River. Geographic position, abundant ethanol supply, reliable 
and competitive rail transportation give Nebraska a strategic advantage in serving ethanol 
markets in the western U.S. 
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Figure 11: Location for Plants in Nebraska 
 
Figure 11 shows the location of ethanol plants in the state. The ethanol industry is of 
vital importance in economic growth for Nebraska. According to the Nebraska Department 
of Labor, average pay in the ethanol sector increased from $35,479 in 2000 to $56,158 in 
2010. Meanwhile, the statewide average pay for all industries in Nebraska was $37,319 in 
2010. 
Before solving the second part of the algorithm, further detail is needed to describe 
the transportation system in Nebraska.  In this part of the solution, two modes of 
transportation were studied. One is the truck, and in this model the trucks are used for all 
internal demand. The other one is rail which is used for external demand, and it is to send 
ethanol from Nebraska to California and Texas. The ethanol is sent through local carriers 
from production companies to a transfer station which is the place where the railcars are 
integrated to the main route or Class I. The rail Class I is a large freight railroad company, as 
classified based on operating revenue. Smaller railroads are classified as Class II and Class 
III. In other words, the largest Class I rail companies in the U.S. are integrated such as BNSF 
Railway, CSX Transportation, Grand Trunk Corporation, Kansas City Southern Railway, 
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Norfolk Southern Combined Railroad Subsidiaries, Soo Line Railroad, and Union Pacific 
Railroad. 
Nebraska has three transfer stations; Omaha is considered the main station for this 
project because it transfers more than 80% of the ethanol production. That means all demand 
sent to California and Texas are first sent to a transfer station in Omaha.  
Table 11: Nameplate Capacity for Plants and Distances between Plants and Main 
Cities in Nebraska 
Ethanol Plants Omaha (miles) 
Lincoln 
(miles) 
Nameplate capacity 
(millions of gallons) 
Bridgeport 416 360 54 
Madrid 280 223 55 
Sutherland 308 252 25 
Trenton 313 257 45 
Lexington 229 173 50 
Cambridge 266 210 44 
Minden 195 140 60 
Hastings 161 104 123 
Ravenna 181 125 80 
Ord 226 170 50 
Atkinson 221 235 44 
Wood River 159 102 115 
Aurora 130 74 50 
Fairmont 115 59 115 
York 106 50 55 
Adams 94 35 55 
Central City 115 95 100 
Albion 141 120 110 
Columbus 94 79 400 
Blair 31 74 198 
Norfolk 120 123 53 
Plainview 170 164 76 
Jackson 106 162 55 
Total                        2,012.00  
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Two biggest cities in Nebraska are Omaha and Lincoln with a population in 2010 of 
408,958 (62%) and 254,001 (32%), respectively. The nameplate capacity for plants and 
distances between the plants and these two cities in Nebraska are shown in the Table 11. 
Table 12: Transportation Costs for Nebraska 
From/to 
Plants 
Omaha 
(truck) 
Lincoln 
(truck) 
Omaha 
(rail) 
Bridgeport 0.108  0.094   0.024  
Madrid  0.073  0.058  0.016  
Sutherland 0.080  0.066  0.017  
Trenton  0.081   0.067  0.018  
Lexington  0.060  0.048   0.013  
Cambridge  0.069  0.055  0.015  
Minden 0.055  0.039   0.011  
Hastings  0.045   0.029  0.009  
Ravenna 0.051  0.035   0.010  
Ord  0.059  0.048  0.013  
Atkinson  0.057  0.061  0.013  
Wood River   0.045  0.029  0.009  
Aurora     0.036   0.035  0.007  
Fairmont     0.032   0.028  0.007  
York   0.030  0.024  0.006  
Adams   0.044  0.016  0.005  
Central City     0.032   0.045  0.007  
Albion     0.039   0.034  0.008  
Columbus     0.044   0.037  0.005  
Blair     0.015   0.035  0.002  
Norfolk     0.034   0.034  0.007  
Plainview     0.048   0.046  0.010  
Jackson     0.030   0.045  0.006  
Demand  20 32 1693 
 
The ethanol transportation is done by rail or truck according to type of demand: 
internal or external.  11. 
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Table 12 shows the transportation cost of Nebraska for the Lincoln and Omaha. These are 
used in the calculation of 𝑐𝑖𝑗  in this part of the problem. The cost of truck transportation is 
calculated using the average truck rates for short and long hauls that are shown in Table 6. 
For the rail cost, we used the same rate that was used in the first part of the study. The cost of 
corn was not considered in this part, because this doesn’t change among plants within states.  
Table 13: Optimal Transportation Quantities (MGY) 
Ethanol Plants 
Suppliers i 
Consumer j 
 Omaha 
(truck) 
Lincoln 
(truck) 
Omaha 
(rail) Fictional  
Bridgeport       54 
Madrid       55 
Sutherland       25 
Trenton       45 
Lexington           50    
Cambridge                 44  
Minden           60    
Hastings          123    
Ravenna           80    
Ord           50    
Atkinson             2            42  
Wood River          115    
Aurora           50    
Fairmont          115    
York           55    
Adams       32        23    
Central City          100    
Albion          110    
Columbus          400    
Blair       22         176    
Norfolk           53    
Plainview           76    
Jackson           55    
Total        22        32    1,693          265  
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 Table 13 shows the optimal solution of transportation quantities between the 
consumers 𝑗 and suppliers 𝑖 of the states of Nebraska. The values in the fictional column 
represent the production that should be reassigned to others markets.    
3.8  Sensitivity Analysis 
One of the most important functions of this model is to establish the range where this 
solution is optimal, and what happens if some values change.  The first part of the analysis 
corresponds to distributions among states. The cost for “alternative routes” denotes the 
increment of the total cost for each unit sent through these routes. The use of any alternative 
route implies an increment in the allocation of total cost.  
 Furthermore, variable ethanol demand and its projection in the actual market should 
be taken into consideration as a part of the analysis.  The USDA makes the following 
assumptions and statements in regard to the U.S. biofuel policy over the 2010-2019 periods. 
One of these assumptions is related to the corn-based ethanol demand which is estimated as a 
9% growth in annual consumption over the 2010-2019 periods. Under this circumstance, it is 
necessary to establish the effect of the growth in the ethanol consumption because it is larger 
than idle capacity.  
Table 14: Consumption Ethanol Projection over the 2010-2019 (MGY) 
 
 
Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Ethanol 
Consumption 
4979 5427 5916 6448 7028 7661 8350 9102 9921 10814 11787
Ethanol 
Production
7693 7693 7693 7693 7693 7693 7693 7693 7693 7693 7693
Idle Capacity 2714 2266 1777 1245 665 32 0 0 0 0 0
Lack Capacity 0 0 0 0 0 0 657 1409 2228 3121 4094
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Table 14 shows the projection of the actual demand keeping the actual capacity of the 
ethanol industry constant with the objective to determine the effect of idle capacity and how 
long the actual allocation program could remain optimal. If the conditions remain constant, 
the allocation generated in this project will still be optimal until year 2014. This means that 
after 2014 it will be necessary to repeat the study to get the new optimal solution. 
The other viewpoint this analysis takes into consideration is the actual solution and 
the change in the cost if the ethanol is sent through other states or other companies. The 
transport of ethanol which uses these different routes is defined in this project as alternative 
route. Each alternative route has an associated alternative cost which means that any gallon 
of ethanol that is sent through this route will affect the total cost of the solution in this value. 
Table 15: Sensitivity Problem (MGY) 
 
 
Table 15 shows the cost for the alternative routes which are determined in the first 
part of the model. All the numbers which are inside of the ovals represent the cost for the 
alternative. All the numbers in the upper right of the cells are the direct cost for the route.   
The numbers which are inside each cell represent the optimal solution, for example the cell 
between IA and NY has the number 474 which means that the optimal allocation for this 
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route is 474 MGY.  The numbers in the fictitious cells represent the idle capacity for each 
state. The idle capacity could be used when the demand increases or to supply other markets 
that are not studied in this project.  
The result shows that for example Nebraska has an idle capacity of 267 gallons which 
could be used to satisfy an increment of actual demand or international markets. Another 
important point is that, for example, if Nebraska sends ethanol to Illinois the total cost 
(optimal solution) will increase 0.2 dollars for each gallon of ethanol. The transportation cost 
will increase according to the value of each alternative route used. The best decision will be 
to send the ethanol to Florida because it has the smallest alternative cost. Also we could infer 
that the shipment from Nebraska to California and Texas could increase up to 267 MGY of 
ethanol. 
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Table 16: General result second part of problem (MGY) 
 
Table 16 shows the optimal solution in the distribution of ethanol for the second part 
of the algorithm which represents the optimal allocation for the ethanol production in 
Nebraska State. The first column corresponds to companies which are in the state of 
Nebraska. The second and third columns show demand that is transported by truck to Lincoln 
and Omaha. The fourth column shows the demand transported out of state specified as 
California and Texas. The fifth column is named fictitious which represents the supply that is 
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not located in any markets. The last column represents the name capacity of each company in 
millions of gallon per year. An example of the alternative cost in the table is the row which 
corresponds to Bridgeport and has the following alternative costs: 0.08, 0.07, and 0.01 
meaning if this company wants to send ethanol through these routes, the total cost should 
increase by at least these nominal values. Another important point is that Nebraska’s ethanol 
demand could increase by 265 MGY, and it does not require a change in actual capacity of 
Nebraska. Furthermore, all the values in fictitious cells represent the idle capacity in its 
corresponding plant. This means that distribution cost for these companies is very high, and 
if they want to be part of the optimal solution they should look for ways to reduce their 
transportation cost. Additionally, these companies would cover the demand of other markets 
that are not considered in this project. 
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CHAPTER 4: CONCLUSION 
 
The main aim of this project is to establish the optimal allocation of ethanol 
production in the U.S. that minimizes the total transportation cost which are divided in three 
sections: establishing the optimal amount and routes in the distribution of ethanol production 
between supply states and demand states, determining the optimal amount to distribute 
between companies in one specific state and its supply states, and performing a sensitivity  
analysis of the optimal ethanol allocation in the U.S. The forecasting model is used to 
determine the behavior of ethanol price in the period of study (2009). The model shows that 
the ethanol price has a strong memory. Furthermore, some research established that the 
ethanol price is affected directly by polices of the government more than fluctuation in the 
market which plays a fundamental role in the development of this industry.     
This thesis determines the optimal transportation model between the demand and 
supply states of ethanol. It is also focused on reducing the cost of ethanol transportation 
between states and companies. The project is divided into two parts. The first part presents a 
general model which considers only the demand and supply among states. The second is a 
specific model that considers the allocation between the state of Nebraska and its ethanol 
plants. The data used in the calculation of the optimal allocation are the demand and supply 
quantities of ethanol, price of corn in each demand state, and the transportation cost (rail and 
truck).  This data is collected by an intensive literature review in several public and private 
reports available for this sector.  
The ethanol demand used in this project was 4,930.12 million of gallons in 2009 
which was distributed among thirteen states in the U.S. (see Table 4).  The supply 
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represented 7,639.00 million of gallons in 2009 as the total ethanol production in the model.  
A deterministic model was constructed and the optimal solution was a total transportation 
cost of 10,186 million dollars by year. The optimal solution shows that Iowa should cover the 
demand of New York with 474 MGY, Ohio with 230 MGY, and Pennsylvania with 425 
MGY. Nebraska should send to 933 MGY California and 760 MGY Texas. Minnesota 
should supply Michigan with 402 MGY. Finally, Illinois should cover the demand of Florida 
with 668 MGY, and part of the demand of Texas and Ohio with 668 MGY and 219 MGY, 
respectively. The model also determines an extra capacity which is 2,714 MGY which would 
be distributed among the demand of the other states in the U.S. and/or other countries as 
export. Based upon the optimization model of the supply chain developed for the distribution 
of ethanol in Nebraska, Nebraska will need to ship to California and Texas at least 1,693 
MGY which requires transport 5 million of gallons by day between the states.   
The present study represents an opportunity to establish more coherent policies about 
the market and the development of the existing and future ethanol plants.  The ethanol 
industry needs to incorporate mechanisms that facilitate a decrease in the operative and 
transportation costs to achieve a sustainable industry and to minimize subsidies of the federal 
government. The incorporation of the transportation model as an element in decision making 
represents an opportunity for plants to reduce their cost and to increase their profit margin. 
The ethanol industry represents an alternative solution to afford the high cost that the 
Americans pay every day for fuel. The strengthening of ethanol industry represents an 
opportunity to impact the economy of the U.S. positively 
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The optimal solution in this study is based on some assumptions which represent 
limitations for this thesis. For example, the storage capacity of ethanol plants and the transfer 
stations, and the transfer cost between the companies and rails or trucks are not included. In a 
future study, the problem formulation will be extended including these cost items 
Future study would also incorporate another element for the ethanol transportation 
system, the pipeline. This sector has been little explored until now. Furthermore, the next 
project could use a probabilistic model and compare whether we have different solutions.  
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